The average value of the magnetocrystalline anisotropy field, H k , is an important parameter for the characterization of magnetic recording media but is difficult to measure accurately due in part to the effect of interactions between the grains. In order to evaluate H k we have studied two model CoCrPtTa magnetic films using a number of complementary techniques: high field ferromagnetic resonance ͑FMR͒ ͑35.0-45.0 kOe͒, low field ͑Ͻ20 kOe͒ vector vibrating-sample magnetometry and torque magnetometry. The FMR measurements were performed at a number of discrete frequencies in the range 75-93 GHz using a new quasi-optical spectrometer developed at the University of St. Andrews. The values of H k derived by FMR ͑10.8 kOe͒ are approximately 10% greater than those obtained from conventional magnetometry ͑9.6 kOe͒. This difference is believed to be due to the presence of intergranular exchange coupling which reduces the measured value of anisotropy when the applied field is not sufficiently large to completely align the magnetic moments.
I. INTRODUCTION
Anisotropy and saturation magnetization are the two fundamental properties that determine the static characteristics of ferromagnetic materials.
1 Magnetic anisotropy determines the difficulty of changing the state of the atomic magnetic moments for a given set of experimental conditions while the saturation magnetization measures the effect of alignment of the atomic magnetic moments. In addition the dynamic properties of ferromagnetic materials during reversal are characterized by the Gilbert damping constant, ␣.
2
Interest in ␣ has recently increased particularly in materials used for data storage such as CoCr-based thin films as data rates, and hence the time available to switch the magnetization, decrease to below 1 ns.
3, 4 Despite the fundamental nature of these quantities it remains an on-going experimental challenge to determine their values accurately, particularly when materials are in the form of thin films. In this study we report comprehensive work aimed at determining the anisotropy and the Gilbert damping constant by high field ferromagnetic resonance ͑FMR͒.
We have chosen two model CoCrPtTa thin films of interest as media for data storage with different magnetic recording properties. The two samples were sputtered on super-smooth glass-ceramic substrates using a standard commercial dc magnetron sputtering system. The magnetic layers of both media were sputtered from the same CoCrPtTa alloy target with the underlayers consisting of 50 nm thick CrMn for media A and 40 nm/10 nm thick NiAl/CrMn for media B.
Previous work on these samples shows that they have substantially different recording properties; with media A having higher noise than media B which was attributed primarily to the differences in grain size and grain size distribution. 5, 6 This paper examines the relative merits of the techniques used to determine these fundamental magnetic properties of thin-film media and correlates the differences found in these model samples to differences in their recording performance.
II. EXPERIMENT
The FMR measurements were performed at a number of discrete frequencies in the range 75-93 GHz ͑35.0-45.0 kOe͒ using a new quasi-optical spectrometer developed at the University of St. Andrews. 7 As a preliminary experiment FMR and low field ͑Ͻ20 kOe͒ torque magnetometry methods were applied to a polycrystalline Co film. Good agreement was found between the two values derived for the effective anisotropy which is discussed later in section four. In the FMR experiments the field is applied normal to the film plane and is sufficiently large to decouple the interactions between the grains. In principle all the parameters required to characterize the material, Landé g-factor, saturation magnetization M s , anisotropy field H k and the Gilbert damping factor ␣, may be obtained from the field for resonance and the linewidth of the FMR signal as a function of frequency. In practice, it was found that a more accurate data set can be obtained when M s was measured using a vibrating-sample magnetometer ͑VSM͒.
Magnetization measurements were taken using a ADE/ Digital Measurement Systems model 10 vector VSM, with a maximum applied field of 20 kOe. The temperature was held constant at 20°C during all measurements. The saturation magnetization was determined from hysteresis loops using the instrument in conventional mode with the sample plane aligned parallel to the applied field. A Ni foil standard of the same diameter as the sample was used to calibrate the instrument. Corrections for the substrate and sample rod were attempted using two techniques. The first involved fitting a linear function to the high field region of the hysteresis loops and using the slope as a correction factor. The second technique consisted of removing the magnetic film from the substrate and remeasuring to give a point-by-point subtraction. The two techniques yielded extremely similar results and the linear function method was adopted as this minimized the error on individual data points.
Anisotropy was measured using our in-house torque magnetometer. In this technique, the film is rotated from 0 to 90 deg relative to the field direction. Details of this technique are further described in Ref. 8 . ͓Table II ͑Sec. IV͒ provides values to the saturation magnetization and anisotropy that were derived from the above techniques.͔
III. FMR MODEL OF LONGITUDINAL RECORDING MEDIA

A. Free energy density equation
In order to simulate the resonant conditions we applied a model in which the thin-film media consists of a large number of crystallites ͑grains͒, each containing an easy uniaxial anisotropy axis. The orientation of the uniaxial axes is isotropic and confined to the film plane ͑see Fig. 1͒ . It is assumed that the interaction between the grains is negligible and that the properties of each crystallite in a high magnetic field is described by a single domain model. With these conditions the free energy per unit volume for each grain is written in the following form:
where M s is the saturation magnetization vector, K ϭM s H k /2 is the magnetocrystalline anisotropy constant, H k is the anisotropy field and is the angle between the grain's magnetization and crystallographic axis. NϭN x ␣ x 2 ϩN y ␣ y 2 ϩN z ␣ z 2 is the effective demagnetizing factor with directional cosines ␣ i which define the orientation of the magnetization vector with respect to the coordinate axes. In the thin film limit the demagnetizing factor N is simplified assuming that N x ϭN z ϭ0 and N y ϭ4. Minimizing Eq. ͑1͒ will determine the magnetization's static orientation which is used to simulate FMR and torque data.
B. Equation of magnetic motion
To calculate the FMR response the equation of motion of the magnetization vector is used:
where is the resonance frequency, ␥ is the gyromagnetic ratio and E , E and E represent the second partial derivatives of the free energy taken at the magnetization vector's equilibrium position ( 0 , 0 )
From Eqs. ͑1͒, ͑2͒ and ͑3͒ the resonance frequency is easily related to the parameters g, H k , 4M s . In our configuration ͑Fig. 1͒ this relation is expressed as
If the applied field H is sufficiently high and directed normal to the film surface ͑i.e., H ϭ90°͒, the equilibrium position of the magnetization vector will therefore align with the applied field: 0 ϭ90°, 0 ϭ90°. Thus for the perpendicular configuration in the high field limit, the resonant condition, ͓Eq. ͑4͔͒ is simplified to
where H r is the resonant field.
C. Solution to the FMR condition
In principle it is possible to determine the three parameters g, H k and 4M s using a minimum of three frequencies. However, in practice, due to the error in determining the resonant field it is difficult to determine 4M s and H k separately but only the sum of the two variables, (4M s ϩH k ). At high frequencies, the function form of the equation is such that a small variation in H r lead to a significant change in the individual values of H k and 4M s as shown by the size of the intersection area in Fig. 2 . Even for a fixed value of g and a small error in H r ͑Ϸ0.5%͒ an error as high as 50% in H k is observed. This error can be reduced by applying frequencies with the maximum possible separation. The angle between the solution lines that correspond to the two frequencies increases resulting in a reduction to the area of intersection ͑see Fig. 3͒ . Consequently, the spread in possible solutions of H k and 4M s decreases. As an example, Table I provides results of the numerical simulation for two different frequencies with g and ␦H r fixed to 2.15 and 100 Oe, respectively.
Applying frequencies over a broader range will reduce the error in the sample's saturation magnetization and anisotropy significantly. However, even at a maximum possible separation ͑for our spectrometer ⌬ f Ϸ200 GHz͒ the best error in H k still remains not less than Ϯ1.1 kOe (␦H r Ϸ100 Oe) which is similar to the uncertainty commonly reported for other techniques used to measure anisotropy. In order to reduce errors further one should either try to improve the precision of the resonance field H r and/or employ other techniques that will measure one of the above parameters separately. In this work we follow both directions. We carefully analyze the resonance line shape by fitting it to an analytically derived distribution from which the resonance field can be extracted as a parameter. We also use vibrating sample magnetometry to measure precisely the value of the media's saturation magnetization M s which is used as a fixed parameter in Eq. ͑5͒.
IV. RESULTS AND DISCUSSION
It has been shown previously that FMR can provide useful information on anisotropy in thin films. 10 In many cases the analysis of anisotropy is built upon the angular dependence of the resonance field. 11 For high field spectrometers based on superconducting coils it is not always easy to arrange experiments with an angular variation of the applied field. This is due to space restrictions or mechanical complexities of the rotational mechanisms. An alternative is to set up an experiment where the applied field angle is fixed and the excitation frequency is varied. This is the approach we adopt in high field, multi-frequency FMR measurements where the field was always normal to the plane of the film. As a preliminary example, multi-frequency measurements on a 30 nm polycrystalline Co film were performed to find the effective anisotropy H eff . The cobalt film was grown using molecular beam epitaxy on a silicon substrate. The deposited cobalt layer consisted mainly of a polycrystalline hcp phase, with some fcc phase and stacking faults as determined by nuclear magnetic resonance. 12 Given that the direction of the easy axes is mainly out-of-plane for the Co film, the resonance equation in this case is different to that for the media samples and given by the following relation: ␥ ϭH r ϪH eff , ͑6͒ ͑1͒, ͑2͒ and ͑3͒ assuming that the orientation of the easy c axes and the applied field are perpendicular to the film plane. Figure 4 illustrates the resonance field dependence of the frequency measured for the Co film. The experimental points were fitted with Eq. ͑6͒. The extracted values of g and H eff were 2.156͑5͒ and 17.15͑20͒ kOe, respectively. This was in reasonable agreement with previous measurement of H eff on the same film by torque magnetometry which was 16.2͑7͒ kOe. 13 If it is assumed that the saturation magnetization for this film is the same as for bulk Co, the crystalline anisotropy field H k extracted in this way is of the order of 0.5 kOe. Consequently, the magnetocrystalline anisotropy constant K v is deduced to be (3.15Ϯ1.45)ϫ10 5 ergs/cc. This value is much less than that of bulk cobalt, which is typically (3 Ϫ4)ϫ10 6 ergs/cc. 14,1 and, most likely, is a result of the mixture in the crystalline phases and the polycrysalline nature of the sample. 13, 15, 16 However, the emphasis here is on the analysis of the perpendicular effective field H eff , which is measured independently of the saturation magnetization and, therefore, is very useful for comparison with the equivalent measurements with other magnetization techniques, including torque magnetometry.
It should be noted that in the configuration of the Co film the magnetocrystalline anisotropy has the same symmetry as the demagnetizing field. This makes it impossible to measure H k separately without contribution from the demagnetizing fields. Nevertheless, the effective field is measured with good precision from a relatively narrow range of frequencies without involving magnetometry. A simulation of Eq. ͑6͒ with the cobalt's effective field measured as a function of the g-factor for two different frequencies: 75 and 93 GHz is shown in Fig. 5 . For thin film longitudinal media with easy axes inplane of the film, unlike the cobalt film, it is theoretically possible to separate the magnetocrystalline anisotropy from the demagnetizing field ͓compare Eqs. ͑5͒ and ͑6͔͒. However, in practice, due to the high sensitivity to the resonance field error ␦H r the spread in possible solutions to H k and 4M s is very high and hence additional magnetization measurements are required.
The FMR measurements on the media samples were carried out in the range of frequencies between 75 GHz and 93 GHz. In contrast to previously published results by Igarashi et al. 17 we were able to obtain very well resolved resonance lines which allowed us to determine the resonance fields with a precision of better than Ϯ0.25%. Figure 6 illustrates an example of a first order derivative absorption line shape of 
where y is the FMR response, H and H r are the applied and resonance fields, ⌬H r is the resonance half peak-to-peak linewidth and a and b are the amplitudes of absorption and dispersion signals, respectively. The last two parameters are, in fact, very important for the determination of H r . It is a common feature of FMR spectrometers that the output signal often contains a mixture of the absorption and dispersion phases. This is in contrast to the ideal situation when only the absorption signal should be detected. Thus, by adding the presence of a dispersion signal we can always fit the output signal correctly and determine the resonance field with high precision. Figure 7 shows the variation of the excitation frequency ͑/2͒ as a function of resonance field H r measured for the high noise ͑15A͒ sample. The solid line is the result of a fit using Eq. ͑5͒ with the value of the saturation magnetization given by the VSM measurement. The value of the anisotropy field H k produced by the fit is given in Table II . It should be noted that the precision of the calculated value of H k is directly dependent on the precision of M s . In the present case the uncertainty in M s arises as a combination of errors: the measured total magnetic moment , magnetic layer thickness d and the sample area S ͑e.g., for sample 15A: ϭ209Ϯ1ϫ10 Ϫ6 emu, dϭ27.5Ϯ0.5 nm, Sϭ19.6 Ϯ0.2 mm 2 .͒ It is interesting to note that similarly to the Co film, the values of the anisotropy field H k measured by torque magnetometry were close, but slightly lower than those measured by FMR. This discrepancy in H k is believed to be not just a lack of experimental precision but a consequence of the intrinsic characteristics of polycrystalline materials. In FMR the external field is of the order of 40 kOe which is several times larger than that required to saturate the media. As a result only uniform precession of the magnetic moments is produced. Any possible effects of coupling between the grains of the material will not affect the resonant conditions. In contrast to FMR, torque measurements are typically carried out at lower fields ͑up to 20 kOe͒. Within this field range both the magnetostatic and exchange interaction can play a significant role in the collective behavior of the magnetic grains which form the sample. This behavior is more complicated than that described by the simple model given here ͑1͒ and requires a more detailed micromagnetic approach. Although the interaction 5 in these samples is quite weak it is sufficient to give a lower value of the anisotropy field measured by low field ͑Ͻ20 kOe͒ torque magnetometry. 
V. DYNAMIC PROPERTIES
FMR linewidth measurements provide details on the sample's inhomogeneous broadening and relaxation constant. The relaxation constant is related to the switching mechanism of the magnetization vector M s . In the present measurements the linewidth of the FMR signal was determined in the same way as the resonant field: a fit to the line shape using Eq. ͑7͒. The linewidth ⌬H r in Eq. ͑7͒ is defined as half of the field difference between the maximum and minimum of the first derivative absorption line shape. The frequency dependence of the peak-to-peak linewidth was derived from the following equation:
where ␣ is the Gilbert damping factor. An additional frequency independent term is included which contributes to the inhomogeneous broadening. 20 Thus the linewidth is expressed as:
where ⌬H() and ⌬H(0) is the frequency dependent and independent peak-to-peak linewidth. Figure 8 shows a fit to the linewidth using Eq. ͑9͒ and Table III shows the results for both media samples.
The inhomogeneous broadening term in the low noise medium is twice that of the high noise medium. This may result from the following: The low noise media is comprised of smaller grains ͑11 nm͒ with better grain segregation than that of the high noise media where the mean grain size ͑42 nm͒ is approximately four times greater. The segregation leads to better isolation of the magnetic moments and, therefore, reduces exchange coupling between the grains. Consequently, the inhomogeneity of the medium is greater as a result of a larger number of spins in different local magnetic environments, nonetheless, the noise, associated with the exchange coupling, is lower. This interpretation is also supported by the values of the Gilbert damping factors. For the sample with larger grains ͑high noise medium͒ the damping factor is greater. This indicates a faster relaxation time which may again be a result of stronger intergrain coupling in this sample.
VI. CONCLUSIONS
In this paper we have for the first time shown convincingly that high field, multi-frequency ͑75-93 GHz͒ FMR may be used to determine the static (H k ) and dynamic properties ͑damping constant ␣͒ of realistic ͑Ϸ3 Gbits/in 2 ͒ longitudinal thin film recording media. While, in principle, H k , M s and the Landé g-factor may all be extracted from the FMR data, in practice we find that fixing the value of M s , which is easily obtained from magnetometry measurements, reduces the uncertainty in the values obtained for the other parameters. The advantage of high applied fields is that neighboring grains are more decoupled, minimizing the effect of interactions. Interactions often lead to a lower value of magnetocrystalline anisotropy being reported when measuring materials such as CoCr based thin films (H k Ϸ6 -9 kOe) using moderate applied fields from iron-cored electromagnets Ͻ20 kOe.
Two thin-film recording media chosen for this investigation have already been extensively studied. 5, 6 The media consisted of the same composition of CoCrPtTa alloy sputtered onto different underlayer structures leading to very different recording properties. The anisotropy field measured by FMR was 10.8 kOe for both media investigated which is 1.2 kOe greater than values of 9.6 kOe obtained from torque magnetometry. The Landé g-factor derived was 2.15. Differences in the damping constant ␣ were measured for the two media, with the high noise medium having ␣ϭ0.025 and the medium with a superior recording performance having ␣ ϭ0.016. Given the very different microstructures of these media it is possible to speculate that the anisotropy is more strongly dependent on the alloy composition whereas the damping factor and therefore the high frequency reversal properties are more strongly governed by the microstructure. However, significant extra work will need to be completed in order to validate such a speculation.
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